1. Introduction {#sec1}
===============

The recent developments in advanced energy storage systems call for enhanced energy density and low cost, along with a long cycling life. Lithium--sulfur (Li--S) batteries have gained enormous attention because of the high specific theoretic capacity (1675 mA h g^--1^) and high theoretical energy density (2600 W h kg^--1^ or 2800 W h L^--1^) that are several times higher than those of conventional lithium-ion batteries (LIBs).^[@ref1]−[@ref5]^ Meanwhile, the Li--S technology also benefits from the use of cheap, naturally abundant, and environmentally benign sulfur as the active cathode material. It is thus widely considered as the next-generation electrochemical energy storage system.^[@ref6],[@ref7]^ However, before the commercial application of Li--S batteries becomes a reality, several key challenges require to be addressed, including the insulating nature of both elemental sulfur and Li~2~S~2~/Li~2~S, the notable "polysulfide shuttling" effect by soluble polysulfides, and the substantial volume change (∼79%) of sulfur in the process of the battery cycle.^[@ref8]−[@ref13]^

Thus far, considerable efforts have been made to address the above challenges. Particularly, some elegant strategies have been employed to effectively trap polysulfides within the cathodes through different means to lessen polysulfide shuttling, including (i) physical confinement by using the porous carbon architectures,^[@ref14]−[@ref19]^ delicate interlayer systems,^[@ref20]−[@ref24]^ or functional separators;^[@ref25]−[@ref30]^ (ii) adsorption *via* forming interactions between polysulfides and polar hosts with heteroatom dopants,^[@ref31]^ metal sulfides/oxides/nitrides/organic frameworks,^[@ref32]−[@ref37]^ functional polymer binders,^[@ref3],[@ref38],[@ref39]^ and so forth. Among them, the use of a functional polymer binder in the sulfur cathode at a low percentage (generally, \<20 wt %) is a powerful strategy to enhance the battery performance.^[@ref40]^ An ideal binder serves to link active materials (*e.g*., sulfur) and conductive additives together, and meanwhile glue the formed conductive composite networks to the current collector. In addition, it also contributes to the overall microstructure (*i.e*., the textual structure, interfaces, and conduction networks), structural integrity, and mechanical properties of electrodes.^[@ref3],[@ref38],[@ref39]^ Poly(vinylidene fluoride) (PVDF) is the long-used traditional binder for sulfur cathodes. It solely binds the active materials together like a "glue" and bond the conductive networks to the current collector generally at a low sulfur loading density of \<2 mg cm^--2^.^[@ref41]^ It lacks additional functionalities to entrap the intermediate lithium polysulfide species and thus to suppress the so-called "polysulfide shuttling". In this regard, functional binders featured with additional polysulfide trapping capabilities have received significant interest to render sulfur cathodes of an enhanced capacity retention.^[@ref13],[@ref38],[@ref39]^

To date, a variety of natural and synthetic polymers have been explored as functional binders for sulfur cathodes. Binders from natural polymers with high molecular weight and abundant functional groups (carboxyl, amine, imine, hydroxyl, *etc*.), including modified natural β-cyclodextrins, carboxymethyl cellulose, hydroxypropyl cellulose, natural gum Arabic, and chitosan,^[@ref42]−[@ref45]^ have attracted significant attention in the past years because of their rich sources, low cost, and strong adhesion strength. In general, these natural binders render sulfur cathodes of greatly improved electrochemical performance. However, the structural formula and molecular weight of these natural polymers are difficult to be identified because of their extraction from biomasses.^[@ref3]^ In consideration of the consistent and reproducible uses in large scale, synthetic polymer binders with well-defined structures and molecular weights show more attractive application prospects.^[@ref3]^ In addition, the functionalization of these synthetic polymers with additional functional groups can be easily performed. So far, a large variety of synthetic functional polymer binders, including polyelectrolytes (*i.e*., Nafion,^[@ref46]^ polydiallyldimethylammonium with counter TFSI anion,^[@ref47]^ sulfonated polystyrene,^[@ref48]^ sulfonated polymers,^[@ref49],[@ref50]^*etc*.), polar polymers \[polyethyleneimine,^[@ref51],[@ref52]^ poly(ethylene oxide),^[@ref53]^ polyamidoamine dendrimers,^[@ref54]^ poly(vinylpyrrolidone),^[@ref55]^*etc*.\], polymeric ionic liquids,^[@ref56]^ and conductive polymers,^[@ref57]^ have been broadly investigated for sulfur cathodes. The significant advantage of these binders is that their functionalities can be designed and tuned to facilitate the trapping of lithium polysulfides so as to help improve the electrochemical performance of sulfide cathodes.^[@ref58],[@ref59]^

Polyvinyl alcohol (PVA) is a commercially available, low-cost, synthetic polymer with excellent adhesive properties.^[@ref60]^ It has been reported for applications as battery materials (binders,^[@ref61]−[@ref63]^ separators,^[@ref64]^ and Li-anode coating^[@ref65]^). For its applications as binders, Park et al. demonstrated that the high-molecular-weight PVA binder improves the cycling performance of silicon/carbon anodes relative to PVDF and poly(acrylic acid) binders^[@ref61]^ because of its stronger binding strength as a result of hydrogen bonding. Paireau et al. coated silicon/carbon composite particles with a cross-linked PVA polymer layer by spray the drying technique, which significantly enhances the cycleability of LIBs.^[@ref62]^ Nakazawa et al. employed PVA with different saponification degrees as the binders for sulfur cathodes.^[@ref63]^ They found that decreasing the saponification degree improves charge--discharge capacities of sulfur cathodes because of the improved compatibility with the electrolytes. However, the capability of PVA in trapping lithium polysulfides was not demonstrated therein. Featured with a dense distribution of hydroxyl groups (−OH), PVA is expected to form a strong hydrogen bonding with both the current collector and active materials to improve the adhesion strength of electrode materials. Meanwhile, the high density polar −OH groups in PVA are also expected to render strong interactions with lithium polysulfides as a functional binder for sulfur cathodes. In this regard, Liu et al. have revealed that −OH groups in sodium alginate are capable of interacting with Li^+^ ions in Li~2~S~6~ (binding energy, 0.62 eV), rendering sulfur cathodes with improved cycling performance.^[@ref66]^ In addition, because of its high solubility in water, the use of PVA can also facilitate the fabrication of sulfur cathodes in a green aqueous process, avoiding the use of the toxic organic agents (*e.g*., *N*-methylpyrrolidone required for PVDF).

Despite the expected advantages, PVA has, however, not been demonstrated yet as the functional binder for sulfur cathodes. We thus present herein a systematic investigation on the performance of this commercial cost-effective water-soluble polymer as a functional polymer binder for sulfur cathodes. Both theoretical and experimental investigations have been undertaken to reveal the functional roles of this binder. In particular, sulfur cathodes with high sulfur loadings (up to 10.5 mg cm^--2^) have been assembled with PVA and have been evaluated for potential practical applications.

2. Results and Discussion {#sec2}
=========================

Prior to the experimental investigation of PVA as a binder in sulfur cathodes, theoretical binding strengths between PVA and six lithium polysulfide species have been quantitatively estimated by density functional theory (DFT) calculations. A comparison has been made with PVDF as the control binder. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows the theoretical adsorption binding energies between the various Li~2~S~*n*~ (*n* = 1, 2, 3, 4, 6, and 8) and PVA and PVDF, respectively. One can see that binding energies between PVA and various Li~2~S~*n*~ range from 0.515 to 0.686 eV, which are around five times the corresponding ones (\<0.134 eV) between PVDF and Li~2~S~*n*~. This is attributable to the presence of high density polar hydroxy groups (−OH) in PVA. In particular, among the various polysulfides, Li~2~S and Li~2~S~8~ having the shortest and longest chains show slightly weaker binding strength with PVA than others (Li~2~S~*n*~ with *n* = 2, 3, 4, and 6). With PVDF, much lower binding energies of 0.047 and −0.026 eV are seen with Li~2~S~6~ or Li~2~S~8~ than with the other polysulfides. This is in line with the results that only one Li atom in Li~2~S~6~ or Li~2~S~8~ interacts with the F atoms in PVDF as opposed to both Li atoms in other polysulfides (see the ball-and-stick models shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).

![Results from DFT calculations: (a) adsorption binding energies between PVDF/PVA and various lithium polysulfides (Li~2~S, Li~2~S~2~, Li~2~S~3~, Li~2~S~4~, Li~2~S~6~, and Li~2~S~8~, respectively); (b) possible interactions between lithium polysulfides and molecular structures of PVDF/PVA in the ball-and-stick models.](ao0c00666_0001){#fig1}

To experimentally verify its polysulfide trapping capability, the adsorption of a representative polysulfide, Li~2~S~4~, on the PVA/Super P carbon composite has been investigated, along with parallel experiments with the neat Super P carbon and the PVDF/Super P carbon composite as control adsorbents for the comparison. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows a schematic of the adsorption test and compares the colors of Li~2~S~4~ solutions upon exposure for 5 h. Compared to the grass green blank Li~2~S~4~ solution, the solution exposed to the PVA composite has a significantly lightened color. This is indicative of the pronounced adsorption of the polysulfide species on PVA given the negligible adsorption on neat Super P carbon in the control experiment. On the contrary, the solution exposed to the PVDF/Super P composite shows negligible color change, demonstrating that PVDF does not have a significant affinity toward Li~2~S~4~. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b compares UV--vis spectra of the solutions after adsorption. Compared to that of the blank Li~2~S~4~ solution, only negligible changes are seen in the spectra of solutions exposed to the PVDF/Super P composite and neat Super P, indicating both Super P and PVDF show negligible absorption of Li~2~S~4~. However, the solution exposed to the PVA/Super P composite has much lower absorbance within 350--500 nm, suggesting the significant adsorption on PVA arising from the strong interaction between Li~2~S~4~ and PVA.

![(a) Schematics of adsorption experiments and photographs of Li~2~S~4~ solutions after exposure to neat Super P carbon, PVA/Super P carbon composite, and PVDF/Super P carbon composite, respectively, for 5 h; (b) UV--vis spectra of the blank Li~2~S~4~ solution and the solutions after exposure to the various adsorbents. In the adsorption experiments, the Li~2~S~4~/polymer mass ratio is 1:20.](ao0c00666_0002){#fig2}

The interaction between Li~2~S~4~ and PVA has been further revealed by comparing the X-ray photoelectron spectroscopy (XPS) spectra (S, Li, and O elements) of the PVA/Super P carbon composite containing adsorbed Li~2~S~4~ with those of pure Li~2~S~4~, the PVA/Super P carbon composite, and neat Super P. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows the S~2p~ spectrum of Li~2~S~4~, with multiple deconvoluted peaks observed within 160--166 eV.^[@ref56]^ Particularly, the two peaks centered at 163.4 and 161.1 eV are assigned to bridging sulfur atoms (S~B~^0^) and terminal sulfur atoms (S~T~^--1^) in Li~2~S~4~ (Li--S--S--S--S--Li), respectively.^[@ref67],[@ref68]^ Two similar peaks are also seen in the spectrum of the PVA/Super P carbon composite containing the adsorbed Li~2~S~4~ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). We note that some additional strong peaks are observed within 167--171 eV from the PVA/Super P carbon composite with adsorbed Li~2~S~4~. This is possibly attributable to sulfite (SO~3~^2--^) and sulfate (SO~4~^2--^)-like species generated by the oxidation of the polysulfide.^[@ref44],[@ref68]^ Moreover, a small binding energy shift from 161.1 to 160.6 eV is observed after the adsorption of Li~2~S~4~ by PVA, resulting from the electropositive −OH group on PVA that draws electrons from terminal sulfur atoms.^[@ref67],[@ref68]^[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d further confirm the strengthened interaction between the lithium atom in Li~2~S~4~ and PVA evidenced by the notable shift of 1.2 eV upon adsorption on PVA. In addition, the binding energy of the oxygen atom in PVA shifts from 531.3 to 531.8 eV (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f,g). The XPS results thus verify the trapping of lithium polysulfides on PVA by adsorption and their interactions. On the basis of both theoretical calculations and experimental results, PVA is expected to perform well as a functional binder to yield sulfur cathodes with improved performance relative to the PVDF binder.

![XPS results: (a,b) S~2p~ and (c,d) Li~1s~ spectra of pure Li~2~S~4~ and the PVA/Super P carbon composite containing adsorbed Li~2~S~4~, respectively; (e--h) O~1s~ spectra of pure Li~2~S~4~, the PVA/Super P carbon composite containing adsorbed Li~2~S~4~, the PVA/Super P composite without adsorption, and neat Super P carbon, respectively.](ao0c00666_0003){#fig3}

The binding strength of a polymer binder is critical for sulfur cathodes having a high capacity and long-term stability.^[@ref3],[@ref38]−[@ref40]^ To evaluate the binding strength, sulfur cathodes with different sulfur-loading densities (3.5, 5.5, and 7.0/10.5 mg cm^--2^, respectively) have been fabricated with PVA and PVDF binders on the carbon paper current collector. Their surface morphologies have been evaluated with both optical microscopy and scanning electron microscopy (SEM). Generally, cathodes fabricated with binders of higher binding strength should exhibit fewer, less-pronounced cracks, particularly at high sulfur loading densities.^[@ref47],[@ref50],[@ref52]^ From [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, one can see the obvious cracks present in the cathode with the PVDF binder at a sulfur loading of 3.5 mg cm^--2^, and the increasing sulfur loading of 7 mg cm^--2^ leads to larger, more cracks. On the contrary, all the sulfur cathodes bound with PVA show a uniform smooth surface morphology, even at a high sulfur loading density of 10.5 mg cm^--2^. No crack is seen under the scanning electron microscope on the cathodes. This is even improved compared to the high-performance linear polyethyleneimine binder reported in our earlier study,^[@ref52]^ where the resulting electrodes at sulfur loading densities of 5.5 and 9 mg cm^--2^ showed minor cracks. The results reveal the superior binding strength of PVA relative to PVDF.

![(a) Optical microscopy and SEM images of sulfur electrodes bound with PVA and PVDF, respectively, on carbon papers at different sulfur loading densities; (b) photographs of electrodes bound with PVA and PVDF, respectively, on carbon-coated Al foils (sulfur loading density: 3.0 mg cm^--2^) before and after 10 times of bending.](ao0c00666_0004){#fig4}

The binding strengths of PVA and PVDF have been further evaluated in another experiment by repeatedly bending sulfur electrodes prepared on carbon-coated aluminum foils and by qualitatively observing the quantity of black particles that peel off during the test. Electrodes fabricated with a binder of a higher binding strength typically show fewer peel-offs.^[@ref47],[@ref52],[@ref69]^ These electrodes were fabricated at a sulfur loading density of 3.0 mg cm^--2^ with the sulfur/Super P carbon/binder mass ratio of 60:30:10, according to our earlier works.^[@ref50],[@ref52]^ Both electrodes bound with PVDF and PVA, respectively, show smooth and integrated surfaces before bending ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). Upon bending for 10 times, no visible change is seen on the electrode bound with PVA, whereas numerous fine composite particles have peeled off from the other with PVDF. It further indicates that the binding strength of PVA is stronger than that of PVDF. The well-retained mechanical integrity of the PVA-based electrode is ascribed to the abundant polar −OH groups that lead to a tight hydrogen bonding with sulfur/conductive carbon particles and the current collector. Meanwhile, the hydrogen bonding also leads to an even distribution of PVA on the sulfur/carbon composite surface to form a robust 3D network.^[@ref62],[@ref63],[@ref66]^ We reason that the superior binding strength of PVA can beneficially help the cathodes better resist the large volume changes during the charge--discharge process in Li--S batteries and render the improved cycling performance.

The electrochemical performance of sulfur cathodes fabricated with PVA as the binder has been subsequently investigated. For this purpose, CR2032-type Li--S coin cells have been prepared with sulfur cathodes of various sulfur loading densities (3.5, 8.5, and 10.5 mg cm^--2^, respectively) and have been systematically characterized. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b shows cyclic voltammetry (CV) curves of sulfur cathodes bound with PVDF and PVA, respectively, at 3.5 mg cm^--2^ of the sulfur loading density. For both cathodes, CV curves show two anodic peaks at about 2.38 and 2.45 V, respectively, and two reductive peaks at *ca*. 2.30 and 2.00 V, respectively. It is long known that the reductive peak at *ca*. 2.30 V results from the conversion of S~8~ to high-order Li~2~S~*n*~ (4 ≤ *n* ≤ 8), and the other at *ca*. 2.00 V corresponds to their further conversion to low-order Li~2~S~*n*~ (*n* \< 4) and eventually to Li~2~S.^[@ref47]^ For both cathodes, slight fluctuations in the current of all redox peaks are observed upon testing for 20 cycles.

![CV curves of cathodes bound with (a) PVDF and (b) PVA. Scan rate: 0.1 mV s^--1^; sulfur loading density: 3.5 mg cm^--2^.](ao0c00666_0005){#fig5}

With the cathode bound with PVDF, the current for both reductive peaks decreases gradually upon cycling from the 2nd to 20th scan (in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). In particular, the peak at 2.00 V shows a change in the shape with the narrowing of the peak width, but with the increasingly longer tail at the low-voltage end. This suggests the gradual loss of high-order polysulfides upon cycling. With the other one fabricated with PVA (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b), fluctuations in the current of the all redox peaks are observed upon cycling. However, there is no distinct decay in the current or change in the shape of the reductive peak at 2.00 V upon cycling. This is suggestive of the reversible electrochemical reactions and the improved sulfur retention upon the use of PVA, which are beneficial for the stability of Li--S batteries.

Two sulfur cathodes bound with PVDF and PVA, respectively, at the sulfur loading density of 3.5 mg cm^--2^ have been compared for their rate performance by galvanostatic charge--discharge (GCD) testing at different currents (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). For both cathodes, with the gradual increase of the current from 0.1 to 2 C (1 C = 1672 mA g^--1^), the specific capacity shows a clear trend of decrease. However, when the current is switched back to 0.2 C, the capacities partially recover. While their capacities are nearly the same at the lower currents of 0.1, 0.2, and 0.5 C (initial capacity of 1009.7 and 1044.0 mA h g^--1^, respectively), higher capacities are retained with the cathode bound with PVA at the enhanced currents of 1 and 2 C. For the PVA-bound cathode, the reversible capacity values are 628 and 576 mA h g^--1^ at 1 and 2 C, respectively, while the corresponding values for the cathode with PVDF are 608 and 479 mA h g^--1^. The higher reversible capacities with PVA are indicative of the superior rate performance with improved sulfur utilization. This can be attributed to its better binding strength, rendering the well-constructed sulfur/carbon/PVA network beneficial for the ion transfer at high currents. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b shows the comparison between the charge--discharge voltage profiles of the two cathodes at 3rd, 45th, and 55th cycles (at 0.1, 2, and 0.2 C, respectively). It can be noted that the cathode with PVA shows lower polarizations, with more stable discharge plateaus, than that with PVDF at lower currents of 0.1 and 0.2 C. However, the charge plateaus of the PVA-bound cathode are at slightly higher voltages than those of PVDF-bound cathode at the same current densities, indicating the slower charge kinetics, given the tight networks present in the former cathode. Meanwhile, the PVA-bound cathode shows more stable discharge plateaus at all these currents than the other with PVDF, along with a higher capacity at 2 C.

![(a) Rate performance of cathodes bound with PVA and PVDF (sulfur loading density, 3.5 mg cm^--2^), respectively, at different currents; (b) voltage profiles of the two cathodes at representative currents from the rate performance tests. Cut-off voltage: 1.5--2.8 V *vs* Li/Li^+^.](ao0c00666_0006){#fig6}

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a shows the comparison between the GCD cycling performance (250 cycles at 0.5 C within 1.7--2.8 V) of two cathodes (sulfur loading density: 3.5 mg cm^--2^) bound with PVA and PVDF, respectively. The cathode with PVA has an initial discharge capacity of 936 mA h g^--1^, followed by a drop to 470 mA h g^--1^ at the 5th cycle. Subsequently, a trend of slightly increasing capacity is seen over the next 70 cycles (to 563 mA h g^--1^ at the 75th cycle), with minor changes afterward over the rest of the cycling with a final capacity of 515 mA h g^--1^ retained at the 250th cycle. The capacity increase from the 5th to 75th cycle should result from the slowed diffusion of electrolytes within the tight network formed by the strongly binding PVA with the requirement of longer activation to reach the maximum capacity. The final capacity retention is 97.5% and the average capacity decay rate is only 0.010% per cycle from the 5th to 250th cycle. Obviously, this sulfur cathode exhibits the highly desired stability after the electrode activation within some initial cycles. In contrast, the cathode bound with PVDF instead shows a capacity drop from the initial value of 1034 mA h g^--1^ in the 1st cycle to 715 mA h g^--1^ in the 3rd cycle, followed by a subsequent gradual loss of capacity to 426 mA h g^--1^ at the 250th cycle (59.5% of the capacity retention with an average capacity decay rate of 0.160% per cycle relative to the 3rd cycle). The capacity decay rate of the PVA-bound electrode is only about one-sixteenth of the value of the PVDF-bound one. In particular, the predominant capacity decay occurs within the first 60 cycles of the PVDF-bound cathode (558 mA h g^--1^ in the 60th cycle), indicating the fast polysulfide loss. The voltage profiles of the two cathodes at the same selected cycles are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b,c. It can be noted that the cathode bound with PVA shows a significantly more stable plateau than the other with PVDF, along with an appreciably lower polarization noted (*e.g*., 0.41 V for the former relative to 0.47 V for the latter in the 100th cycle; calculated at the mid-point of the second discharge plateau). In consistency with results discussed on the DFT calculations and experimental *ex situ* adsorption study, the improved cycling performance with the PVA-bound cathode also supports the effective trapping of soluble polysulfides within the cathode with PVA relative to that with PVDF.

![(a--c) Cycling performance of cathodes bound with PVA and PVDF (sulfur loading density: 3.5 mg cm^--2^), respectively, at 0.5 C within 1.7--2.8 V (*vs* Li^+^/Li): (a) discharge capacity and Coulombic efficiency; (b,c) voltage profiles at the 5th, 50th, 100th, 200th, and 250th cycles; (d) cycling performance of cathodes fabricated with PVA at 1 C (sulfur loading density: 2.0 and 3.5 mg cm^--2^) within 1.7--2.8 V.](ao0c00666_0007){#fig7}

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d shows further the cyclic performance of two cathodes fabricated with PVA (the sulfur loading density at 2.0 and 3.5 mg cm^--2^, respectively) at 1 C for 500 cycles. Similar capacity profiles as above are noted, with an initial increase and a subsequent gradual decrease. After 500 cycles, low decay rates of 0.028 and 0.118% per cycle have also been achieved, respectively, relative to the 30th cycle for both cathodes. Clearly, decreasing the sulfur loading density is beneficial to enhance the cyclic performance with a reduced decay rate.

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the comparison between the Nyquist plots of the cathodes before and after 100 charge--discharge cycles in the above cycling performance testing at 0.5 C. In Nyquist plots, a semicircle in the high frequency region and a sloping line in the low frequency region are typically found, which reflect the charge transfer resistance on the electrode--electrolyte boundary and the Warburg impedance, respectively.^[@ref52],[@ref70]^ In [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a, the two fresh cathodes show a similar depressed semicircle with a charge transfer resistance of about 320 Ω, indicating a similar electric contact within the sulfur/carbon/binder composite for the fresh cathodes. The PVA-bound cathode shows a higher Warburg impedance with a lower slope relative to the PVDF-bound one. In consistency with the better binding strength of the PVA binder, the higher Warburg impedance of the former prior to activation should be attributed to the tightly bound composite structure, which suppresses the diffusion of Li^+^ ions within the composite network.

![Nyquist plots of sulfur cathodes: (a) before cycling and (b) after 100 cycles at 0.5 C (in fully charged state). Sulfur loading density: 3.5 mg cm^--2^.](ao0c00666_0008){#fig8}

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b shows the comparison between the Nyquist plots of the two cathodes tested after 100 cycles of GCD testing at 0.5 C. Both cathodes show significantly reduced charge transfer resistances because of the sulfur activation. Their Nyquist plots display two distinct semicircles and a sloping line. Typically, the semicircle in the high frequency region corresponds to the charge transfer on the surface of conductive agents, while the other in the medium frequency region corresponds to the charge transfer on the nonconductive Li~2~S/Li~2~S~2~.^[@ref52],[@ref70]^ Relative to the one with PVDF, the cathode fabricated with PVA shows a much smaller high-frequency semi-cycle, indicative of the better electric contact.^[@ref46],[@ref52]^ In addition, a remarkably larger medium-frequency semi-cycle indicates the superior adsorption capability of polysulfides including nonconductive Li~2~S/Li~2~S~2~, which significantly suppresses the charge transfer. Similar results have been reported in some other studies.^[@ref44],[@ref71],[@ref72]^ The cathode with PVA shows an appreciably lower Warburg impedance (*i.e*., a higher slope) than the other, suggestive of the faster transport of Li^+^ ions within the former after proper activation.^[@ref51],[@ref52]^

To maximize the energy density for potential practical applications, two cathodes at significantly higher sulfur loading densities (8.5 and 10.5 mg cm^--2^, respectively) have been fabricated with the PVA binder. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows their cycling performances for 200 cycles at 0.2 C following an activation cycle at 0.05 C. The discharge capacities are 974 and 811 mA h g^--1^, respectively, in the first activation cycle, and drop quickly to 493 mA h g^--1^ (4.2 mA h cm^--2^ in areal capacity) and 456 mA h g^--1^ (4.8 mA h cm^--2^ in areal capacity), respectively, in the 5th cycle. Afterward, the capacities of both cathodes remain quite stable. After 200 cycles, the two cathodes retain discharge capacities of 435 (3.7 mA h cm^--2^ in areal capacity; capacity retention: 88.4%) and 379 mA h g^--1^ (4.0 mA h cm^--2^ in areal capacity; capacity retention: 83.2%), respectively, relative to the 5th cycle. The corresponding average capacity decay rates are 0.06 and 0.10% per cycle. These rates are much lower than those of high-sulfur-loading cathodes fabricated with a maleate-poly(ethylene glycol) bifunctional binder (0.26% per cycle over 200 cycles with a sulfur loading of 6.0 mg cm^--1^; 0.35% per cycle over 50 cycles with a sulfur loading of 12.0 mg cm^--1^) at 0.2 C.^[@ref73]^ The areal capacities of the two cathodes bound with PVA herein are comparable to the values of *ca*. 4.0 mA h cm^--2^ for commercial LIBs.^[@ref74],[@ref75]^ and 4.2 mA h cm^--2^ for a three-dimensional electrode prepared by embedding sulfur (12 mg cm^--2^) into porous graphene sponges.^[@ref76]^ The low capacity decay rate and high areal capacity retention demonstrate the superior performance of PVA as an abundant low-cost binder for high-sulfur-loading cathodes.

![Cycling performance of high-sulfur-loading cathodes bound with PVA at 0.2 C after activation at 0.05 C in the first cycle. Sulfur loading densities: 8.5 and 10.5 mg cm^--2^; cut-off voltage: 1.7--2.8 V.](ao0c00666_0009){#fig9}

3. Conclusions {#sec3}
==============

In this work, simplistic, commercially available, cheap, water-soluble PVA has been demonstrated to be an efficient functional binder for sulfur cathodes in Li--S batteries with an improved performance. Through both DFT calculations and *ex situ* experimental evidence, its superior polysulfide trapping ability has been confirmed relative to traditional PVDF with no polysulfide trapping. Because of its possession of high-density hydroxyl groups for establishing strong hydrogen bonding, PVA has also been revealed to have significantly enhanced binding strength than PVDF. It enables the fabrication of thick high-sulfur-loading cathodes with sulfur loading densities up to 10.5 mg cm^--2^. Having the valuable polysulfide trapping ability and strong binding strength, PVA renders the sulfur cathode with significantly improved cycling stability (lowest capacity decay rate of 0.010% per cycle over 250 cycles at 0.5 C) and areal capacity (as high as 4.0 mA h cm^--2^). The present work confirms the strong potential of cost-effective, water-soluble PVA as a functional binder for practical Li--S battery applications.

4. Experimental Section {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

A commercial PVA (weight-average molecular weight: 89,000--98,000 g mol^--1^, 99+% hydrolyzed, Aldrich) and a commercial PVDF (weight-average molecular weight: ∼534,000 g mol^--1^ by gel permeation chromatography, Aldrich) were used as received. Super P carbon black was purchased from IMERYS Graphite & Carbon (Belgium). Sulfur (powders with 100 mesh particle size), 1-methyl-2-pyrrolidone (NMP, ReagentPlus 99%), Super-Hydride solution \[1.0 M lithium triethylborohydride in tetrahydrofuran (THF)\], lithium nitrite (LiNO~3~, ReagentPlus), and isopropanol (99.5%) were all purchased from Aldrich and were used as received. LiTFSI (bis(trifluoromethane)sulfonimide lithium salt, 99.95%, Aldrich) was further dried in a vacuum oven at room temperature for over 12 h. 1,3-Dioxolane (DOL, 99%, Aldrich), 1,2-dimethoxyethane (DME, anhydrous, 99.5%, Aldrich), toluene (HPLC grade, Fisher Scientific), and THF (HPLC grade, \>99%, Fisher Scientific) were further dried over 4 Å molecular sieves.

4.2. DFT Calculation {#sec4.2}
--------------------

To quantitatively evaluate the adsorption of the Li~2~S~*n*~ (*n* = 1, 2, 3, 4, 6, and 8) cluster on the molecular models of PVA and PVDF, DFT calculations were performed with Gaussian 09 program to obtain the binding energies.^[@ref50],[@ref52]^ In particular, the binding energy is defined as the energy difference between the Li~2~S~*n*~ cluster plus the individual molecular models and the corresponding binding structures. A high positive binding energy is indicative of the strong interaction of the Li~2~S~*n*~ cluster with the molecular model.

4.3. Polysulfide Adsorption Testing {#sec4.3}
-----------------------------------

Li~2~S~4~ used as a lithium polysulfide standard for adsorption tests was synthesized according to our earlier works.^[@ref47],[@ref50],[@ref52]^ For the adsorption tests, a certain mass of PVA or PVDF was fully dissolved in the solvent (deionized water or NMP, respectively). Super P carbon at a polymer/Super P carbon mass ratio of 4:10 was added to the polymer solution. After thorough mixing, the suspension was dried by evaporating water or NMP to render the polymer/carbon composite. The composite was then grinded to render fine powders. A typical procedure of the adsorption test was described in our published works,^[@ref50],[@ref52]^ and the spectroscopic evidence further confirming the adsorbed Li~2~S~4~ on the polymer binder was obtained using an X-ray photoelectron spectrometer (Thermo Fisher).

4.4. Sulfur Cathode Fabrication {#sec4.4}
-------------------------------

A well-mixed sulfur/Super P carbon (S/C) composite for sulfur cathodes was prepared according to our previous works.^[@ref47],[@ref50],[@ref52]^ A slurry of the S/C/binder at a mass ratio of 60:30:10, was prepared by adding 400 mg of the S/C composite and 50 mg of Super P carbon into a polymer solution containing 50 mg of PVA or PVDF (in 3 mL of water with 5 drops of isopropanol or NMP), followed by mixing under agitation. In this work, a carbon paper (Toray, TGP-H-060) with a thickness of 0.019 mm and an area of 1.32 cm^2^ was used as the current collector. Sulfur cathodes were prepared by coating the slurry onto the carbon paper, followed by drying at 65 °C for 5 h and then under vacuum at 50 °C for another 12 h. The sulfur loadings on the electrodes were controlled at *ca*. 3.5, 8.5, and 10.5 mg cm^--2^, respectively.

4.5. Electrochemical Testing {#sec4.5}
----------------------------

CR2032-type coin cells have been assembled with the sulfur cathodes and lithium anodes according to our previous works.^[@ref50],[@ref52]^ The electrolyte contained 1.0 M LiTFSI in DOL/DME with 2.0 wt % of LiNO~3~ and an electrolyte-to-sulfur ratio of ≈9 μL mg^--1^ was used. Celgard 2500 separators were used. GCD tests were performed on a LAND CT2001A battery testing system (China) at room temperature. CV spectra (voltage range: 1.7--2.8 V *vs* Li^+^/Li; scan rate: 0.1 mV s^--1^) and electrochemical impedance spectra (frequency range: 0.01--100 kHz) were collected using a Metrohm Autolab PGSTAT128N at room temperature.
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